The growth kinetics of intermetallic compound layers formed between eutectic Sn-58Bi solder and (Cu, electroless Ni-P/Cu) substrate were investigated at temperature between 70 and 120 • C for 1 to 60 days. The layer growth of intermetallic compound in the couple of the Sn-58Bi/Cu and Sn-58Bi/electroless Ni-P system satisfied the parabolic law at given temperature range. As a whole, because the values of time exponent (n) have approximately 0.5, the layer growth of the intermetallic compound was mainly controlled by diffusion mechanism over the temperature range studied. The apparent activation energies of Cu 6 Sn 5 and Ni 3 Sn 4 intermetallic compound in the couple of the Sn-58Bi/Cu and Sn-58Bi/electroless Ni-P were 127.9 and 81.6 kJ/mol, respectively.
Introduction
Among many solder alloys, Sn-Pb solders are most widely used for the electronic packaging. However, because Pb will induce environment pollution, Pb free solders such as Sn-Bi, Sn-Ag, Sn-Zn alloys, have been considered to replace SnPb solders. [1] [2] [3] Sn-Bi, Sn-Ag and Sn-Zn eutectic and near eutectic alloys are already used in some applications for the specific advantages, and they offer over eutectic Sn-Pb, such as lower process temperatures, compatibility with particular substrates, or superior reliability under certain conditions. 4) Especially, the Sn-58Bi eutectic solder is a low melting point lead free solder developed for step soldering processes. The low melting point of this solder makes it suitable for soldering temperature-sensitive components and substrates. Also, when compared to the Sn-Pb eutectic solder, the Sn-58Bi eutectic solder offers a higher strength and superior creep resistance but a lower ductility. [5] [6] [7] [8] [9] During soldering, the solder alloy melts and then reacts with the substrate to form intermetallic compounds at the joint interface. The growth of interfacial reaction products through solid-state aging in solder joints is of particular interest to the electronics industry. Excessively thick reaction layers which grow between solder and substrate can significantly degrade the physical and mechanical properties of the solder joints, particularly in high impact load environments. 10) Therefore, it is necessary to understand and control the factors that govern the kinetics of interfacial reaction.
Some studies have been performed on the interfacial reactions between Sn-58Bi eutectic solder and (Cu, Ni) substrates. Vianco et al. 11) studied the kinetics of intermetallic compound layer growth by solid state reactions between Sn58Bi solder and Cu substrate. They found the growth process of intermetallic layers to follow diffusion mechanism. Also, Chen et al. 12) studied the reactions between Sn-58Bi solder and pure Ni substrate, and found that only Ni 3 Sn 4 formed. Nevertheless, no other information is yet available on the in- * 1 Graduate Student, Sungkyunkwan University. 
Experimental Procedures
The Sn-58Bi solder used in this study was prepared from high purity materials (Sn, Bi: 99.99 mass%). This was melted in a carbon crucible using an electrical resistance furnace at 300
• C for 1 h under argon atmosphere. Then the melts were cast into a steel mold of rod shape and the cast rods were machined to disk-type samples (thickness 1 mm, diameter 6 mm). The Sn-58Bi/Cu and Sn-58Bi/electroless Ni-P/Cu couples were prepared by spreading method.
3) Two different kinds of substrates used; bare Cu and electroless Ni-P/Cu substrate with the Ni-P layer of 5-7 µm thickness. The Ni-P layer was electroless plated on the Cu substrate. Solder joints were cross-sectioned for examination both immediately after being reflowed and after being aged in a furnace at 70, 90, 100, and 120
• C for times ranging from 1 to 60 days respectively. The isothermal aging of diffusion couples were performed in air furnaces with a temperature stability of ±1
• C. The interface was examined by the scanning electron microscopy(SEM) and the composition of intermetallic compound was measured by the energy-dispersive X-ray(EDX) analysis. The phases at the interface were identified using the X-ray diffraction(XRD) analysis. The specimens for XRD were prepared by mechanically removing the solder and etching away the remaining solder part. In all the cases, the quantitative measurements of the intermetallic compound layer thickness were done using micrographs taken on the crosssections of the intermetallic layer. The layer thickness in the scanned micrographs were measured using image anal- ysis software. Figure 1 shows the SEM micrographs of intermetallic compound layers for the interface between Sn-58Bi solder and (Cu, electroless Ni-P/Cu) substrate aged at 100
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• C for different aging times. In the as-soldered joints, the layer thickness of the Cu 6 Sn 5 and Ni 3 Sn 4 intermetallic compound were approximately 0.45 and 0.12 µm, respectively. EDX analysis of the intermetallic compounds indicated that their compositions were close to those of the Cu 6 Sn 5 and Ni 3 Sn 4 phases. The interface between the Cu 6 Sn 5 and solder displays a scalloped morphology as shown in Figs. 1(a)-(c). As evident from the Figs. 1(d)-(f), Ni 3 Sn 4 intermetallic compound exhibited the layered structure, and its thickness increased rather slowly with aging time, reaching only 1.12 µm for 60 days of aging at 100
• C. Figure 2 shows the SEM micrographs of the interface between Sn-58Bi solder and (Cu, electroless Ni-P/Cu) substrate aged at 120
• C for 50 days. The aged Sn-58Bi/Cu joint consists of the Cu substrate, the Cu 6 Sn 5 intermetallic compound layer, the Bi-rich phase and the Sn-rich phase. On the other hand, the aged Sn-58Bi/electroless Ni-P joint consists of the Cu substrate, the Ni-P deposits, the Ni 3 Sn 4 intermetallic compound layer, the Bi-rich phase and the Sn-rich phase. The Bi-rich and Sn-rich phases exhibited extensive coarsening due to isothermal aging. Especially, the growth of the intermetallic compound layers depleted the Sn-rich phase adjacent to the Cu 6 Sn 5 intermetallic and led to the formation of a layer of Bi-rich phase across the Cu 6 Sn 5 layer/solder interfaces, as shown in Fig. 2(a) . In addition, the solder joints ex- hibited cracking within the intermetallic compound layer. The cracking occurred at the boundary between the region of the intermetallic compound with the Bi containing Cu 6 Sn 5 layer (Cu 6 (Sn, Bi) 5 ) and Cu 6 Sn 5 layer. According to the Sn-Bi binary phase diagram, 14) the solubility of Bi in the Sn-phase increase rapidly from negligible at room temperature to about 9 at%Bi at 120
• C. The Cu 6 (Sn, Bi) 5 intermetallic compound layer in this work contained a Bi content of 1-6 at% by EDX analysis. The source of the Bi containing layers is Bi rejected from the Sn-rich solder phase as it participated in the formation of the intermetallic layer. Therefore, in addition of the Bi atoms to the Cu-Sn intermetallic, the interface between Cu 6 Sn 5 and the Bi containing Cu 6 Sn 5 phase may be disrupt the local atomic arrangement, weaken the interfacial bonding, and then cause interfacial embrittlement. This trend would suggest that Bi-containing layer (Cu 6 (Sn, Bi) 5 ) decreased the ductility of the intermetallic compound. Similar result was also reported by Liu and Shang. 15) The solid-state reaction between Cu and Sn-58Bi solder had been studied by Vianco et al. 11) from 55-120
• C for up to 400 days. They reported that the Cu 6 Sn 5 and Cu-Sn-Bi intermetallic compound formed as a result of the reactions, and found that the formation of the double-layers (Cu 6 Sn 5 /CuSn-Bi) was due to the faster growth rate of Cu 6 Sn 5 intermetallic. This is due to the fact that the Bi atoms rejected from Sn-rich phase have no time to diffuse away from the interface so that a Cu-Sn-Bi compound formed. Also, this result was consistent with the result of Vianco et al. 11) However, in Sn58Bi/electroless Ni-P/Cu system, since the Ni 3 Sn 4 growth rate was slower, Bi-containing layer was not observed. Figs. 3(b) and (d) , respectively. On the Cu substrate, the hexagonal-shape intermetallic can be seen in Fig. 3(a) . In contrast, the polygonalshape intermetallics are formed on the electroless Ni-P/Cu substrate as shown in Fig. 3(c) .
The thickness of the reaction layer in the diffusion couples can generally be expressed by the simple parabolic equation
where W is the thickness of the intermetallic layer; k, the growth rate constant; n, the time exponent; and t, the reaction time. Figure 4 shows the thickness of the intermetallic compound layer as a function of the square root of time for various aging temperatures. These intermetallic thicknesses were measured at every interval of time. The intermetallic compound layer thickness increased linearly with the square root of aging time and the growth was faster for higher aging temperatures. This is in agreement with previous works. 12, [16] [17] [18] If the growth process were controlled by diffusion mechanism, the increase of the intermetallic compound layer after aging should follow the square root time law, W = kt 0.5 . It is empirically found that n takes the value of 0.5 when the reaction is mainly controlled by diffusion mechanism.
19) Vianco 11) and Chen 12) studied the growth kinetics of the Cu 6 Sn 5 and Ni 3 Sn 4 intermetallic compound in Sn-58Bi solder and reported that the growth of these intermetallic compounds followed diffusion controlled kinetics. As shown in Fig. 4 , the results are in good agreement with the diffusion controlled growth kinetics reported by previous workers. 12, [16] [17] [18] The layer growth of the Ni 3 Sn 4 intermetallic is much slower than that of the Cu 6 Sn 5 intermetallic. The growth of Ni 3 Sn 4 intermetallic was very slow, with the layer thickness reaching only 1.82 µm after 60 days of aging at 120
• C. This implies Ni-P deposits will be a very good diffusion barrier for the Sn-58Bi solder.
The growth rate constant was calculated from a linear regression analysis of W versus t 0.5 , where the slope = k. • C). This good linear correlation suggests that the growth of the intermetallic compound layers is similar diffusion mechanism over the temperature range studied.
The time exponent was evaluated using the equation representing the growth kinetics at each aging temperature as,
where Y is the layer thickness; t, reaction time; n, the time exponent; B, the layer thickness at t = 0; and A, the constant. This equation was converted into a logarithmic expression
The time exponent (n) was obtained from the slope of ln (Y − B) versus ln t. Table 2 lists the time exponents determined by the linear regression analysis of each aging temperature using eq. (3). The diffusion processes appeared to be largely responsible for growth of the intermetallic compound layer, although the time exponents were not exactly 0.5. The following simple Arrhenius relationship was used to determine the activation energy for the layer growth of Cu 6 Sn 5 and Ni 3 Sn 4 intermetallic compound respectively;
where k 2 is the square of growth rate constant; k 2 0 , the frequency factor; Q, the activation energy; R, the gas constant; and T , the aging temperature. The activation energies were Table 3 lists the values of the activation energy (Q) obtained from the temperature dependence of k 2 , with the data from previous works. The Q-values for the growth of the Cu 6 Sn 5 and Ni 3 Sn 4 intermetallic found by Vianco et al. 11) and Chen et al. 12) were 55 ± 7 and 90 kJ/mol, respectively. The diffusion couple of Vianco et al. 11) and Chen et al. 12) was prepared using hot dipping. Also, the diffusion couple of Chen et al. 12) was assembled from Sn-58Bi solder and pure Ni. Thus, the discrepancy among the activation energies is due to the differences in the diffusion couples, aging conditions and analytical method used. In general the solder alloys with a high activation energy would be expected to grow slower at low temperatures and faster at high temperatures compared to those with a low activation energy. In this work, the activation energy of Cu 6 Sn 5 intermetallic due to the faster growth at high temperature exhibited higher than that of Ni 3 Sn 4 intermetallcs. As shown in Fig. 5(a) , the lower temperature data (70, 90 and 100
• C) exhibited an apparent activation energy of 84.2 kJ/mol and the higher temperature data (100 and 120
• C) had a value of 203.8 kJ/mol. Combining the two data sets resulted in a value of 127.9 kJ/mol. The intermetallic layer data for the Sn-58Bi/Cu system suggest that two mechanisms were active over the temperature range of the analysis.
10) The low activation energy (70-100
• C) means that the rate controlling is the grain boundary diffusion. The initial condition for the growth model is the point where a continuous intermetallic layer is established. Nucleation and growth of individual grains occurs very rapidly. Once a continuous layer is established, additional growth requires diffusion of the reacting species (Sn and/or Cu) through the intermetallic layer. The grain structure of the intermetallic layer has a key influence on diffusion rate through the layer. In this study, also, the layers of Cu 6 Sn 5 and Ni 3 Sn 4 have a scalloped morphology. But the resulting activation energy of 127.9 kJ/mol is considered too high for Sn-58Bi/Cu system. Neglecting the 120
• C data point would have an activation energy of 84.2 kJ/mol, which is a more reasonable number. Further work between 100
• C and 120
• C is required to fully clarify this point.
Conclusion
The effect of isothermal aging (70, 90, 100 and 120
• C) on the microstructure and intermetallic growth of Sn-58Bi solder/(Cu, electroless Ni-P/Cu) substrate were presented in this paper. The following conclusions were obtained:
(1) The aged Sn-58Bi/Cu joint consists of the Cu substrate, the Cu 6 Sn 5 intermetallic, the Bi containing Cu 6 Sn 5 phase, the Bi-rich and Sn-rich phase. It found that the formation of the double-layer (Cu 6 Sn 5 /Bi containing Cu 6 Sn 5 ) was due to the faster growth of Cu 6 Sn 5 intermetallic. On the other hand, the Ni 3 Sn 4 intermetallic growth of Sn-58Bi/electroless Ni-P/Cu interface was slower, double-layer was not observed.
(2) There was a linear relationship between the growth of the intermetallic layer thickness and the square root of the aging time. The good linear correlation of the results indicates that the formation of intermetallic compound layer is mainly controlled by diffusion mechanism. The growth rate of the Ni 3 Sn 4 intermetallic is much slower than that of the Cu 6 Sn 5 intermetallic. This implies Ni-P deposits will be a good diffusion barrier for the Sn-58Bi solder.
(3) The apparent activation energies calculated for the growth of the Cu 6 Sn 5 and Ni 3 Sn 4 intermetallic are 127.9 and 81.6 kJ/mol, respectively. The activation energy of Cu 6 Sn 5 intermetallic due to the faster growth at high temperature exhibited higher than that of Ni 3 Sn 4 intermetallic.
